The use of eco-compatible synthetic procedures in organic reactions and, in particular, in 1,3-dipolar cycloaddition reactions, has recently received a great deal of attention and considerable progress has been achieved in this area in the last years. This review summarizes the approaches currently employed to synthesize heterocyclic compounds by catalyzed 1,3-dipolar cycloadditions in green solvents in the last six years. Our choice to do a selection of the literature from 2014 to 2019 was made considering the absence of a recent review about this period, to our knowledge. Several examples to construct heterocycles by 1,3-dipolar cycloadditions will be discussed in this work subdivided in function of the most important class of non-conventional and green solvents, i.e., ionic liquids (ILs), deep eutectic solvents (DES), and water.
Introduction
The reaction of 1,3-dipolar cycloaddition (1,3-DC) is a powerful synthetic approach for the formation of a variety of heterocycles, very important scaffolds in many biological active compounds [1] . Nitrones, azides, and azomethine ylides are only some of the 1,3-dipoles employed to build variable heterocyclic structures. For example, the cycloaddition of nitrones with olefins is one of the most versatile protocol for the construction of isoxazolidines, N,O-heterocycles with three new contiguous stereocenters [2] . These type of reactions are tightly tied to its selectivity: Regioselectivity, diastereoselectivity, and enantioselectivity can be predicted through considerations of steric and electronic factors, but most significantly through the frontier molecular orbital (FMO) theory [3] .
The toxic properties of many traditional solvents and the drastic reaction conditions of these reactions have prompted the scientists in directing their attention to develop new eco-compatible synthetic procedure in non-conventional, green solvents [4] . Ionic liquids (ILs), deep eutectic solvents (DES), and water represent, at this moment, some alternatives for environmentally unfriendly classical solvents [5] . The use of transition metal catalysts as the classical Lewis acids has surely aimed the 1,3-dipolar cycloadditions at major selectivity [6] , even if at one time organocatalyzed cycloadditions have been developed, performing highly selective reactions [7] . On the other hand, ILs and DES are always of greatest interest for their catalytic properties, as well as their easy preparation [8, 9] .
The goal of this review is to highlight synthetic methodologies to construct N,O-heterocycles by 1,3-dipolar cycloaddition, employing appropriate catalysis in eco-friendly reaction conditions. The review is organized on the basis of catalyzed 1,3-DC reactions conducted prevalently in ionic liquids, deep eutectic solvents, and water, and collects the latest developments that we have decided to restrict in the last six years, making a selection of the literature from 2014 to 2019. In fact, in the literature, recent reviews on this interest area are reported, but they prevalently collect works before the period considered by us [10, 11] .
1,3-DC in Ionic Liquids

Ionic Liquids
Ionic liquids (ILs) are defined as salts with melting point below the boiling point of water and they are widely recognized as green solvents in many organic reactions for their properties [12] . Generally, they consist of an organic cation and an inorganic anion, and their different combination has a high impact on polarity, hydrophilicity/hydrophobicity, and physical and chemical properties of the ionic liquid, including their melting points. Typically, the anions are inorganic and include [PF6] − , [BF4] − , [CF3SO3] − , and [(CF3SO2)2N] − , while the organic cationic portion is generally constituted from asymmetric ammonium or phopshonium salts or heterocycles, such as 1,3-dialkylimidazolium 1, 1-alkylpyridinium 2, and 1,1-dialkylpyrolidinium salts 3 (Figure 1 ) [13] . In general, the ILs (1) are colorless liquids with low viscosity; (2) exhibit very low vapor pressures and, for this reason, are non-volatile; (3) are often insoluble with various organic solvents, making biphasic systems possible; (4) being composed of two parts of different nature, they induce a major synthetic flexibility than classical organic solvents. Moreover, the ionic liquids may have a socalled ionic self-assembly (ISA) structure due to noncovalent electrostatic interactions as the primary driving force and hydrophobic interactions and π-π interactions as secondary driving forces [14] . Therefore, the combination of cations and anions of ILs highly organized in hierarchical superstructures might firmly hold the reagents, favoring their alignment and improving their interaction [15] . Based on their properties, they have recently received a good deal of attention as alternative solvents in a number of reactions [16, 17] . Moreover, depending upon the functional group linked to cation and/or anion of ionic liquid, it may be an acid or basic organocatalyst [4] . In addition, it is worth noticing that it has been recently found that ionic liquids can be easily prepared by simply mixing two opportunely chosen amphiphilic liquids [18] . In this case, further additional properties can arise, like anysotropical self-assembly [19, 20] , response to an external magnetic field [21] , enhanced proton conductivity [22] , and enhanced capability of salt solubilization [23] , which can open a wide scenario of new and promising applications.
Synthesis of Spirocyclic Compounds
Spirooxindole derivatives have a privileged hetereocyclic core that confers them substantial biological activity, such as antimicrobial, anticancer, inhibitorial of MDM2-p53 interaction, and so on [24] [25] [26] . In 2015, an efficient, simple, and rapid one-pot synthesis of dispirooxindolo-pyrrolidines 8af and 9a-f via a three-component 1,3-dipolar cycloaddition in ionic liquid media was proposed from Arumugam et al. (Scheme 1) [27] . The reaction was performed in the presence of [bmim] [BF4] between an azomethine ylides 6 as dipole, generated in situ by decarboxylative condensation of isatin derivatives 4a-c and Lphenylalanine 5, and (E)-2-oxoindolino-3-ylidene acetophenones 7a-b as dipolarophile.
Derivatives
An initial screening to optimize the reaction conditions was performed using common organic solvents (i.e., MeOH, EtOH, Dioxane, Dioxane/MeOH) or ionic liquids ([bmim]Br, [bmim][BF4]) in the absence or presence of a Lewis acid (CuI or Zn(OTf)2). At the end, the [bmim][BF4] was selected as better IL. In all cases, the final products were obtained with quantitative yield, high regio-and diasteoselectivity, and short reaction time, recycling the ionic liquid and reusing it for five runs without loss of activity. The presence of Lewis acid catalyst did not improve the trend of the reaction, reducing significantly the yield and the selectivity. Therefore, a plausible catalysis of ionic liquid was invoked from the authors that supposed a catalytic performace of [bmim][BF4] in various studies of the reaction.
A series of spirooxindolepyrrolidines 14 as potential inhibitors of cholinesterase were synthesized by Kumar et al., using a 1,3-dipolar cycloaddition between azomethine ylide dipole, formed with various 1,2-diketones (11 or 15) and triptophan 12, and arylmethylidene inden-1-ones 10 as dipolarophile in ionic liquid media (Scheme 2) [28] . Scheme 2. Synthesis of spirooxindolepyrrolidines 14 as potential inhibitors of cholinesterase [28] .
The reactions were conducted in 1-butyl-3-methylimidazolium bromide ([bmim]Br) at 100 °C in low reaction time isolating the final products in 76%-88% yield.
Spiroisoxazolidines [29, 30] are found to have a relevant biological importance for various human diseases, inhibiting various viruses, i.e., 6 HIV-1 [31] and, more recently, the MDM2-p53 interaction [32] .
Moreover, the introduction of halogens and, in particular, of fluorine atoms on the skeleton of organic compounds may amplify their stability, lipophilicity, and biological activities [33] . For this reason, in 2018, Chakraborty and his research group performed an efficient synthetic protocol to isolate substituted spiroisoxazolidines 21, some of which halo-substitued, in [bmim]BF4 as ionic liquid that favored low reaction time, room temperature condition, and high yields (Scheme 3) [34] . Scheme 3. Synthesis of substituted halo-substitued spiroisoxazolidines 21 [34] .
Several butylmethylimidazolium-based ionic liquid [bmim]X with different anion (X = PF6 − , Br − , BF4 − ) were tested and [bmim]BF4 gave the best performance in terms of higher yield and lower reaction time. The same reactions in absence of ionic liquid showed a remarkable reduction in reaction yield, demonstrating a probable role of IL as catalyst as well as solvent.
Synthesis of Triazole Derivatives
The 1,2,3-triazole substrates represent a significant class of nitrogen compounds with numerous biological properties, such as antibacterial, anticancer, antivirus, and antitubercolosis [35, 36] . Moreover, they have found industrial applications as dyes, agrochemicals, photostabilizers, etc. For these reasons, in recent years, synthetic procedures alternative to classical synthesis of substituted triazoles were proposed. In particular, in 2018, an efficient and reusable homogeneous catalyst consisting of ionic liquid/iron(III) chloride was applied in synthesis of 1,5-disubstituted 1,2,3-triazoles 24a-n, isolating the final products in considerable yields, high regioselectivity, furnishing only the 1,5-disubstituted substrate, and very short reaction time (Scheme 4) [37] . The synthetic process involves an eliminative azide-olefin cycloaddition (EAOC) reaction between nitroolefins 23a-n, excellent dipolarophiles to synthesize triazoles due to electronwithdrawing nitro group, and substituted azides 22 as dipoles. Initial experiments were performed on a model reaction to optimize the reaction conditions, mainly varying the employed Lewis acid and the ionic liquid. At the end, the best catalytic system was made up of 1-methyl pyridinium trifluoromethanesulfonate [mPy]OTf and FeCl3 and the investigation was extended to various arylnitroolefins and benzyl-or phenylazides. Theoretical calculations indicated that an asynchronous concerted 1,3-dipolar cycloaddition reaction might be involved to form the instable triazoline intermediates that afforded the final substituted triazoles by an eliminative process.
Successively, the same authors suggested an alternative method to synthesize 1,5-disubstituted 1,2,3-triazoles using the catalytic system [mPy]OTf/ H2O/Er(OTf)3 in which the anionic part of ionic liquid matches Lewis acid's [38] . This proposed approach led to the reduction of the amount of employed catalyst without loss of regioselectivity, the increase in reaction yield, and a great recycle of ionic liquid. The role of all three actors of catalytic system was explicated, proposing a favorite alignment of cation and anion of IL that trap the reagents, by promoting the HOMO dipole/LUMO dipolarophile interaction ( Figure 2 ). Finally, a regioselective synthesis of 1,4,5-trisubstituted-1,2,3-triazoles 27a-p water promotion was realized in [mPy]OTf as ionic liquid, starting from arylazides 25 and enaminones 26 in base media by a classical 1,3-dipolar cycloddition (Scheme 5) [39] .
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Scheme 5. Regioselective water-promoted synthesis of 1,4,5-trisubstituted-1,2,3-triazoles 27a-p [39] .
The complete regioselectivity of the reaction is found on the initial regioselectivity of triazoline formation that determines the position of carbonyl group always at C-4. DFT calculations proposed a cascade mechanism consisting of a typical Huisgen's concerted asynchronous 1,3-dipolar cycloaddition followed by an elimination step through a retro-aza-Michael with loss of aniline.
Synthesis of N-Fused Heterocycles
N-fused heterocycles have versatile structural units that constitute an important class of molecules of great interest in many research fields of medicines and pharmaceuticals.
In 2015, Kumar and co-workers realized new polycyclic ring systems 30a-m and 32a-m by a three-component, 1,3-dipole generation-cycloaddition-annulation domino sequence in [bmim]Br contemporary as solvent and catalyst (Scheme 6) [40] . The reaction provided for the use of substituted bis-dipolarophiles 28a-m as starting materials that were reacted with azomethine ylides generated in situ from acenaphthenequinone 11 and αamino acids, such as phenylglicine 29 and proline 31. The proposed cascade process produced a set of piperidone derivatives 30a-m and 32a-m with cage-like cavities, important for biological applications, in high yields and very short reaction time. The authors specified the catalytic role of ionic liquid that is involved at several steps, among which the initial azomethine ylide form (Scheme 7). Initially, the researchers optimized the reaction conditions, performing a model reaction in many classical solvents, varying the reaction temperature and adding Na2SO4 as catalyst. Then, they abandoned the conventional way in favor of TEAA ionic liquid that had the double function of solvent and catalyst. A plausible mechanism was proposed about the stereochemistry of the reaction, studying the exo and endo attack of dipolarophile alkene and dipole azomethine ylide. NMR studies confirmed, as always, a cis-fusion between pyrrolidine rings, deriving from an endo transition state (Scheme 9). Scheme 9. Stereochemistry of synthesis of N-fused indoles and N-fused isoquinolines [41] .
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Finally, the antiproliferative activity of the isolated substrates was tested against some tumor cell lines, obtaining results comparable to used standard drugs.
Synthesis of Isoxazolines and Isoxazolidines
A versatile synthesis of isoxazolines 59a-c and isoxazolidines 60a-c was proposed from Chakraborty and co-workers in alternative to the classical methodology (CH2Cl2, as solvent, 40-60 °C, 42 h), to prepare cycloadducts deriving by 1,3-dipolar cycloaddition between dihydropyran derived nitrones 56 and alkynes 57 or alkenes 58 in ionic liquids (Scheme 10) [42] . Scheme 10. Synthesis of isoxazolines 59a-c and isoxazolidines 60a-c, starting from dihydropyran derived nitrones 56 and alkynes 57 or alkenes 58 [42] .
The reactions were conducted both in conventional solvent and in ionic liquid, noticing in the latter case a very good increase of yield up to 91%, a remarkable reduction of reaction time from hours to minutes and a superior stereoselectivity in isoxazolidine formation. In fact, the cycloadditions were oriented towards a mixture of endo and exo-isomers, favoring the endodiastereomers. The authors carried out a screening of various bmim-based-ILs with varying anions More specifically, the tetraarylphosphonium-supported chiral imidazolidinones were obtained by immobilizing MacMillan-type imidazolidinone catalysts onto ionic liquid [44] .
The model reaction between N-benzyl-C-phenyl nitrone and E-crotonaldehyde was chosen to establish the best reaction conditions, performing the final products (64a and 65a) in high yield and excellent diastereo-and enantioselectivity (yield: 89%; endo/exo ratio: 94/6; endo ee: 94%). The choice of the solvent was crucial for the reaction outcome, electing, at the end, the system CH3NO2/H2O with the presence of HBF4 as co-catalyst. Variation of temperature and reaction time was also investigated, verifying that lower temperature (0 °C) favors a higher stereoselectivity. Then, the reaction was extended to various starting materials, isolating the target products in 72%-89% yield and diastereoand enantioselectivity similar to model reaction results. In particular, the enantioselectivity obtained with the tetraarylphosphonium-supported chiral catalyst was compared with that found for MacMillan's imidazolidinone catalyst, observing results that were comparable. Finally, the authors recuperated the final products by simple precipitation and filtration, in this way recycling the catalyst that was reused for four cycles without loss of activity.
In 2015, Šebesta and co-workers tested nine different organocatalysts and six ionic liquids ( Figure 3 ) in 1,3-dipolar cycloaddition of (Z)-N-benzylidene-1-phenylmethanamine oxide 66 with α,β-unsaturated aldehydes 67a-f (Scheme 12) [45] . [45] ) and two of nine organocatalysts tested in 1,3-dipolar cycloaddition of (Z)-N-benzylidene-1-phenylmethanamine oxide with α,β-unsaturated aldehydes [45] .
Catalyst
Reaction The reaction between crotonaldheyde 67a and (Z)-N-benzylidene-1-phenylmethanamine oxide 66 was selected to study the effects of all organocatalysts and ionic liquids, comparing the results with those obtained in classical conditions (CH2Cl2; 5 °C; 4 die). In particular, any results were obtained when the authors used a combination of Cat-IV HCl and IL-VI. The combination of MacMillan-type imidazolidinone catalysts with Cl − or TfO − as anion (Cat-IV·HCl and Cat-IV·HOTf, respectively), [bmim]BF4 as solvent. and 5 °C as reaction temperature reduced the reaction time in three studies, considerably increasing the diastereo-and enantiomeric ratio up to 92:8 and 91:9, respectively, for endo/exo ratio and ee of endo-isomer.
Unfortunately, in many cases, the yield was lower (17%-51%) than that obtained in classical conditions (45%). The combination with other non-standard reaction conditions highly used in organic chemistry, such as the microwave or ultrasound irradiation [46] [47] [48] , reduced the reaction time up to hours, however retaining similar stereoselectivity results.
1,3-DC in Deep Eutectic Solvents
Deep Eutectic Solvents (DES)
Deep eutectic solvents (DESs) are a new class of non-conventional solvents like ionic liquids. They are a eutectic mixture composed of Lewis or Brönsted acid (hydrogen bond donor commonly defined as HBDs) and bases in the form of salts (hydrogen bond acceptors commonly defined as HBAs), that can contain different types of anions and cations. In Figure 4 , the most common hydrogen bond donors and hydrogen bonds acceptors are reported [49, 50] . This phase, composed of two or more components, generally does not form new chemical compounds through covalent bonds, but the main bonding interactions of non-covalent nature are: Hydrogen interactions, α-hole interactions, π-hole interactions, and other two recently discovered as ĸ-hole and µ-hole interactions [51] . The most relevant feature is the lower melting point compared with that of the single species and this new formed mixture is called eutectic [52] . Deep eutectic mixtures are commonly synthesized by different methods. The first is the most commonly used and consists in mixing the components under heating (60-100 °C), until the mixture became a colorless liquid. The second makes use of a mortar to grind the components at room temperature until a liquid is formed. The third method employs water to dissolve the components and then this solution is freeze-dried to form a clear liquid; if necessary, the water may be removed under high vacuum evaporation.
Thanks to many chemical-physical properties like high viscosity and density, conductivity, surface tension, high boiling points, eco-friendly character, low toxicity, and recyclability, the field of application of these materials is wide and includes biocatalysis, organocatalysis, separation processes like CO2 capture, biomass processing, metal processing, azeotrope breaking, organometallics, and synthesis [53] . DESs are employed as reaction medium for many green and eco-sustainable organic synthetic procedures [54] . For example, Punzi et al. recently described a Pd-catalyzed procedure for the thiophene-aryl coupled in deep eutectic solvent composed of choline chloride and urea (1:2), using non-anhydrous conditions, in an open-air system [55] . In other recent works, 1,2-or 2substituted benzimidazoles were synthesized in a reactive DESs composed of o-phenylenediamine and choline chloride [56] , while bio-renewable DESs were efficient for furfural transformation into cyclopentenone derivatives [57] .
Synthesis of Triazoles and Triazolines
In 2016, Martins and co-workers developed a synthetic strategy to produce 1,4-disubtituted-1,2,3 triazoles 72 by 1,3-dipolar cycloaddition between azides 70 as 1,3-dipole and β-enaminones 71 as dipolarophile in a DES composed of choline chloride:ethylene glycol (1:2) (Scheme 13) [ Initially, they optimized the reaction conditions changing some parameters such as DES type, temperature, and reaction time, observing that in choline chloride:ethylene glycol (1:2) at 130 °C after 24 h, the final product was recovered in complete conversion and high yield. In actuality, the best performance was carried out using choline chloride and urea in ratio 1:2, but these reaction conditions were not employed on other substrates because DES decomposition related to ammonia production was observed. Then, several azides and enaminones were used isolating 4-acyl-1-subtituted-1,2,3triazoles in good reaction yields (70%-84%). The authors also hypothesized a plausible reaction mechanism involving a series of interactions between DES and the reagents as reported in Figure 5 . More specifically, one molecule of ethylene glycol interacts with the carbonyl group of the enaminone by hydrogen bond, while the second forms a hydrogen bond with azide. Choline chloride interacts through hydroxyl groups with the double bond of the enaminone to push up the reaction towards the product formation. Finally, the authors investigated the reusability of the DES by multiple recovery and after four cycles, DES composed of choline chloride and ethylene glycol was proved to maintain the same efficiency in terms of yield and conversion.
In 2018, Sebest and co-workers developed a synthetic procedure to form 1,2,3-triazolines 76 by direct 1,3-dipolar azide-alkene cycloaddition reaction in a series of DESs (Scheme 14) [59] . The initial investigation on a model reaction highlighted, firstly, the formation of a second product of reaction of aziridine nature 77, deriving by triazoline decomposition, and that the use of different DESs had a prevalent effect on its yield. The best performance was achieved by choline chloride/urea 1:2, obtaining triazoline derivative in 67% yield and aziridine substrate in 22% yield.
The results were compared to those obtained by classical organic solvents, isolating the products in poor yields due to a decomposition of triazoline, prevented by DES use. Then, once the best reaction conditions were found, the authors made a screening using the same alkene (styrene) with several aromatic or aliphatic azides to study the effect of the substituents on the outcome of the reaction. In particular, they noticed that a trifluoromethane group in meta position of phenyl substituent of azide gave the corresponding triazoline surprisingly with an increase of the yield up to 76%, while electron-donating substituents slightly increased the yield in aziridines (27%-28%) with a decrease of the triazoline yield (46%-51%). In analogous manner, mono-and disubstituted alkenes were also investigated, observing elevated yield of triazoline due to the steric hindrance of the dipholarophile (i.e., norbornene). Finally, DFT studies confirmed the formation of triazoline by 1,3dipolar cycloaddition, while aziridine formation was related to triazoline decomposition.
Synthesis of Isoxazoles and Isoxazolines
In 2015, Pérez and Ramón developed a synthetic method to access several 3,5-disubstituted isoxazoles and isoxazolines in a specific DES composed of choline chloride and urea as reaction medium by regioselective three-step 1,3-DC reaction (Scheme 15) [60] . The reaction started from different aldehydes 78 that were converted in the respective hydroxyminoyl chlorides 80. Then, these last substrates were employed as 1,3-dipoles in the subsequent cycloaddition reaction with reagents possessing triple bonds 81 to obtain 3,5disubstituted isoxazoles 82.
The optimization of the process was conducted prevalently varying the DES, electing the mixture choline chloride/urea 1:2 as the system with the best performance. After the optimization of the reaction conditions, a series of isoxazoles 82 were synthesized in 63%-96% yield.
Moreover, the same authors investigated the cycloaddition reaction between the previous hydroxyminoyl chlorides 80 with substituted alkenes 83, obtaining 3,5-disubstituted isoxazolines 84, as reported in Scheme 16. In particular, they noticed that high yields were obtained in presence of heterocyclic rings on starting aldehydes or alkenes, while low yields resulted in aliphatic groups as substituents.
The developed procedure was also tested on the reaction between ethyl 2-nitroacetate 85 as 1,3dipole and arylacetylenes 81 as dipholarophile in DES composed of acetyl choline chloride:urea (1:2), at 100 °C for 24 h to obtain ethyl 5-substituted isoxazoles-3-carboxylates 86 (Scheme 17). Scheme 17. Synthesis of ethyl 5-substituted isoxazole-3-carboxylates 86 in DES [60] .
As expected, aliphatic alkyne gave the lowest yield. The position of the substituents slightly influences the reaction yields with the best outcome in the case of aromatic rings substituted on the C-3 respect to that substituted on C-4. In detail, the cyclic aminoacid 2-phenyl-1,3-thiazolidine-4-carboxylic acid 87 reacted with ninhydrin triketone 88 to generate in situ azomethyne ylide, through a mechanism of decarboxylative condensation. The formed ylide reacted with several 3-arylidene oxindoles 89 by one-pot 1,3-dipolar cycloaddition reaction to give the corresponding dispiro-heterocyclic compounds 90 in 85-92% yield.
Synthesis of Spiroheterocycles
The authors started the investigation with a screening of different non-conventional solvents as ionic liquid and DESs. When ionic liquids were used, mediocre reaction yields were obtained except when the reactions were carried out in DESs composed of ACI/EG in a ratio 1:9. Moreover, the dependence between temperature and reaction yield was visible, with higher yields at 50 °C than room temperature. The presence of a para-substituent on the aromatic ring of the dipolarophile did not affect the reaction yield, which was excellent both with electron-donating and electronwithdrawing groups. The reaction is regio-and diastereoselective toward one isomer due to the approach of the reagents shown in the transition state 91 in Figure 6 . 
1,3-DC in Water
The use of water as an eco-compatible solvent in organic chemistry reactions has always stimulated researchers to find several applications. Obviously, the low solubility of most organic compounds in this solvent is problematic to use it without the presence of an organic co-solvent.
Anyway, though this possible solution tends to diminish the great advantages due to the employment of water (low cost, nontoxicity, easy work-up, and product isolation in water), many syntheses have been performed recently in aqueous media with very good results [62] [63] [64] .
Some studies of pericyclic cycloadditions showed great benefits when insoluble reagents were suspended in water, explicating this effect due to a reaction rate acceleration for the "on water" conditions [65] . In particular, comparative studies of 1,3-dipolar cycloadditions in organic solvents with water as a co-solvent or only in pure water showed a remarkable rate acceleration increase, probably due to hydrophobic effects with organic reagents, a lowering of activation energy by hydrogen bonds in the transition state, and an increased solvation stabilization [66] .
Synthesis of Spiroisoxazolidines
In 2014, a three-component additive-assisted 1,3-dipolar cycloaddition between isatine derivatives 92, benzylamine 93, and substituted arylideneacetones 94 was proposed from Luo and collaborators to perform functionalized spirooxindoles 95 in good to excellent yields and good regioselectivity (Scheme 19) [67] . In particular, the additive presence of water (5 equiv) to tetrahydrofuran, solvent of reaction, led to non-only higher yields but also more elevated regioisomeric ratio than in absence of it. The authors explicated that the water plays an important action prevalently in one of the transition states in which it participates in an intermolecular hydrogen bond with two carbonyl groups of reagents (Figure 7 ). Moreover, they observed that the regioisomeric ratio underwent an increase when the phenyl rings of enones were substituted by electron-donating groups.
In 2015, Muthusamy et al. described an "on-water" generation of carbonyl ylide dipoles from diazoamides 96 to synthesize spiroindolo-oxiranes 98 and -dioxolanes 99 by a 1,3-dipolar cycloaddition reaction in water between the in-situ formed dipoles and aromatic aldehydes 97 having electron-donating/-withdrawing substituents (Scheme 20) [68] . Scheme 20. Synthesis of spiroindolo-oxiranes 98 and -dioxolanes 99 by 1,3-DC in water [68] .
It is noteworthy that the variability of obtaining the different spiro-products 98 and 99 was generated only by diverse amount of used aldehyde (1.2 eq for 96 or 4 eq for 97). The reactions were catalyzed by rhodium (II) acetate dimer that provided the final products in a highly diastereoselective manner and discrete yields. The authors noticed an important substituent effect on the reaction yield. In particular, it was observed that the presence of a nitro or a dimethylamino group on the aromatic ring of the aldehyde did not lead to the formation of any product. Other catalysts were tested in an initial model reaction between 3-diazooxindole and 4-methoxybenzaldehyde, but in all cases, no product formation was not observed. In this case, it is possible to invoke an "on-water" effect using a less water-soluble catalyst as Rh2(OAc)4 to amplify the heterogeneous nature of the system.
In 2016, functionalized bis-spirooxindoles 103 were synthesized from Trivedi and co-workers by diastereoselective 1,3-dipolar cycloadditon of substituted isatins 100, benzylamines 101, and enones 102 in water and ceric ammonium nitrate (CAN) as catalyst at 100 °C (Scheme 21) [69] . Scheme 21. Synthesis of bis-spirooxindoles 103 in water and ceric ammonium nitrate as catalyst [69] .
The effect of substituents on isatin substrates was evaluated observing that the halogen groups gave spirooxindoles in high yields, while a methoxy group on the benzylamine substrates produced the final products in low yield in contrast to fluoro-functionalized benzylamines. Moreover, a preliminary screening of different solvents such as methanol, ethanol, dichloromethane, tetrahydrofuran, toluene, and acetonitrile in the presence of CAN was performed by the authors, noting a reduction of yields and an increase of reaction time with respect to the cycloaddition conducted in water.
More recently, TiO2 nanoparticles (TiO2 NP) in aqueous media was proposed as a reaction system to prepare spirooxindole-pyrrolidines 107 via 1,3-dipolar cycloaddition between substituted isatins 104, benzylamines 105, and pyridyl enones 106 with excellent regio-and diastereoselectivity, very good yields (80%-94%), and very short reaction time (Scheme 22) [70] . Scheme 22. Synthesis of spirooxindole-pyrrolidines 107 in aqueous media in presence of TiO2 nanoparticles [70] .
A plausible mechanism of reaction was proposed that includes an initial immobilization of the reagents on the TiO2 NP surface, facilitating the proximity of the substrate to react. Moreover, the authors proclaimed their protocol as rapid, green, column chromatography free, and with very good recyclability (90% after fourth run) of the heterogeneous catalyst.
Synthesis of Triazoles
The copper-catalyzed azide-alkyne cycloaddition (CuAAC) is one of the most attractive reactions to produce 1,4-disubstituted 1,2,3-triazoles by 1,3-dipolar azide-alkyne cycloaddition [71, 72] .
However, metallic copper and copper salts are subject to redox processes, especially in aqueous media or in the presence of water as a co-solvent. For this reason, the recent efforts of scientists are directed towards the formation of protected and stabilized active copper catalysts.
Recently, polymer-stabilized Cu(I) catalyst and Cu(I)-catalyzed azide-alkyne cycloaddition under eco-friendly reaction conditions were used to synthesize 1,4-disubstituted 1,2,3-triazoles 110 in a regioselective manner (Scheme 23) [73] . Initially, the polymer stabilized Cu(I) catalyst was prepared by aniline monomer diluted in methanol to which an aqueous solution of CuSO4 ·5H2O was slowly added, isolating the polyaniline immobilized Cu(I) catalyst as a green solid.
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Successively, this polymer was tested in 1,3-dipolar cycloadditions between benzylazide and phenyl acetylene in different solvent conditions including methanol or methanol-water (1:1), obtaining the final substituted triazole in high yield (99%), elevated regioselectivity, and low reaction time. At the end, the heterogeneous catalyst was recovered by filtration to be reused for successive reactions without loss of activity. However, the authors preferred methanol as a solvent to perform the cycloaddition reactions on other substrates.
In 2017, Naeimi et al. realized copper/periodic mesoporous nanocomposites (Cu@PMO NCs), synthetized by the sol-gel method, to use in multicomponent 1,3-DC of organic halides 111, sodium azide 112, and alkynes 113 to prepare 1,4-disubstituted-1,2,3-triazoles 114 in water at 60 °C (Scheme 24) [74] . A plausible mechanism of the action of Cu/PMO nanocomposites on the alkyne-organoazide cycloaddition contemplates the formation of a copper π-complex 115 or a copper acetylide 116 as intermediate ( Figure 8 ). Finally, the Cu@PMO NCs catalyst was recovered by filtration and reused under similar conditions for six cycles without loss of catalytic activity.
More recently, mesoporous SBA-15, a versatile mesoporous silica material, was functionalized with copper (II) acetate to afford a novel Cu II -Schiff base/SBA-15 catalyst 119. It was employed in three-component CuAAC reactions to obtain 1,4-disubstituted-1,2,3-triazoles 120 from organic halides 117, sodium azide 112, and alkynes 118 in water in good to excellent yield (51%-97%) and good regioselectivity (Scheme 25) [75] . Scheme 25. Regioselective synthesis of 1,4-disubstituted-1,2,3-triazoles 120 in water by Cu-catalyst [75] .
Finally, the catalyst was recycled for up to five consecutive cycles without any significant loss of efficiency.
Conclusions
The review is focused on the importance and applications of the most important green solvents such as ionic liquids (ILs), deep eutectic solvents (DES), and water in synthesis of heterocycles by catalyzed 1,3-dipolar cycloaddition reactions. In particular, in ionic liquids (ILs) several examples of regioselective synthesis of various heterocycle classes such as spirocycles, triazoles, isoxazolidines, and isoxazolines are described, with special attention to some cases of enantioselective induction by chiral cation of employed ionic liquid. In deep eutectic solvents (DES), regioselective 1,3-dipolar cycloaddition reactions to produce triazole derivatives, spirocycles, and isoxazole compounds are reported, with mechanistic deepening about the role of DES. Some examples of 1,3-dipolar cycloadditions are also explained in water, in which the greater reactivity of starting materials is justified through a "on-water effect". Moreover, ILs, DES, and water may be not only used as nonconventional solvents, but also as catalysts and catalyst supports. Finally, the great benefits of green approach are demonstrated by synthetic applications presented herein, such as the increased product yields and reaction rates, the recycling of solvent, and less complex work-up procedures.
The substantial advances described in this review fill the lack of reports on the most recent years (2014-2019), in which the scientific community, with great interest, has turned its attention towards more efficient, cheap, and eco-compatible procedures of catalyzed 1,3-dipolar cycloaddition reactions.
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